Objective. Tofacitinib is an oral JAK inhibitor indicated for the treatment of rheumatoid arthritis (RA). We characterized lymphoma events in the tofacitinib RA clinical development program. Methods. Lymphoma events (up to March 2015) were identified from 19 tofacitinib studies (2 phase I, 9 phase II, 6 phase III, and 2 long-term extension) of patients with moderate to severe RA. Patients in these studies received tofacitinib dosed at 1-30 mg twice daily or 20 mg once daily, as monotherapy or with conventional synthetic disease-modifying antirheumatic drugs. Lymphoma incidence rates (IRs; number of patients with events/100 patient-years) and standardized incidence ratios (SIRs) were calculated. A descriptive case-matched control analysis (1:4) was performed to identify potential risk factors for lymphoma. Results. A total of 6,194 patients received tofacitinib (19,406 patient-years of exposure, 3.4 years median treatment duration). Nineteen lymphomas occurred (IR 0.10 [95% confidence interval (95% CI) 0.06-0.15]), with no increase observed with time of exposure. The age-and sex-adjusted SIR of lymphoma was 2.62 (95% CI 1.58-4.09) (Surveillance, Epidemiology, and End Results [SEER] program database). The clinical characteristics of the 19 lymphomas were typical for the RA population. Three lymphomas were positive for Epstein-Barr virus, 8 were negative, 2 were equivocal, and 6 were untested. Numerically, more lymphoma cases had a history of Sj€ ogren's syndrome and were positive for anti-cyclic citrullinated protein and rheumatoid factor at baseline versus matched controls. The mean corticosteroid dose was higher for lymphoma cases versus controls. Conclusion. In the tofacitinib RA clinical development program, lymphoma rates were stable over time and there were minimal differences in the baseline characteristics of patients with and without lymphoma.
INTRODUCTION
Malignant lymphomas are seen at increased rates in patients with certain autoimmune diseases, including Sj€ ogren's syndrome and rheumatoid arthritis (RA), with the relative risk for patients with RA reported to be between 1.5 and 4 (1). Patients with RA who have longstanding and high levels of inflammatory activity and poorly managed disease have an increased risk of lymphoma (2) . Furthermore, infection with viruses, including Epstein-Barr virus (EBV), occurs more frequently in patients with compromised immune systems, including those with RA, and EBV is associated with various types of lymphoma (3) .
Although the overall risk of lymphoma is increased in patients with RA, whether there is a causal relationship between immunomodulatory therapies for RA, including conventional synthetic disease-modifying antirheumatic drugs (DMARDs) and biologic DMARDs, and increased lymphoma rates is unclear, as it is difficult to distinguish between the effects of therapy, other confounders (i.e., concomitant medications), and the underlying disease pathogenesis (4) . The difficulty arises due to the fact that patients treated with the most potent immunosuppressants are typically those with the highest disease activity and thus at the greatest risk of lymphoma (5) . Accordingly, there is a need to monitor the incidence of lymphoma during the clinical development of immunomodulatory therapies for the treatment of RA and in real-world treatment.
Tofacitinib is an oral JAK inhibitor indicated for the treatment of RA. JAKs are intracellular protein kinases that mediate cytokine signaling for a broad range of cellular functions, including hematopoiesis and immune cell growth and development (6) , and JAK inhibition blocks signaling for a number of proinflammatory cytokines fundamental to the pathogenesis of RA (7) . Safety events of special interest related to JAK involvement in immune function, including lymphoma, require close monitoring during the development of immunomodulatory agents.
The efficacy and safety of tofacitinib for the treatment of RA have been reported in phase I (8, 9) , phase II (10) (11) (12) (13) (14) , phase III (15) (16) (17) (18) (19) (20) , and long-term extension (LTE) studies with up to 105 months of observation (January 2016 data cutoff) (21) (22) (23) . Overall malignancy rates (excluding nonmelanoma skin cancer [NMSC] ) in the tofacitinib RA clinical program were not elevated compared with rates from the Surveillance, Epidemiology, and End Results (SEER) program database (24) . The most commonly occurring malignancies (other than NMSC) were lung cancer and breast cancer, consistent with what is expected in the general population (25) . Furthermore, overall malignancy rates with tofacitinib were similar to those observed with biologic DMARDs in an interim analysis of real-world registry data (26) . We conducted an analysis of lymphoma events to characterize lymphomas that occurred during the tofacitinib RA clinical development program.
PATIENTS AND METHODS
Patients and study design. This analysis included pooled data from 6,194 patients participating in 19 studies of tofacitinib for the treatment of RA: 2 phase I studies (8,9), 9 phase II studies (10-13,27-31), 6 phase III studies (15) (16) (17) (18) (19) (20) , and 2 LTE studies (21, 22) . One of the LTE studies (ORAL Sequel) (21) is ongoing; therefore, the study database had not yet been locked; some values may change for the final, locked study database (data cutoff date: March 2015). These studies evaluated various tofacitinib dose regimens. In phase I studies, patients received tofacitinib 10 mg twice daily (BID); in phase II studies, patients received tofacitinib 1, 3, 5, 10, 15, or 30 mg BID, or 20 mg once daily; and in phase III and LTE studies, patients received tofacitinib 5 mg BID or 10 mg BID. Tofacitinib was administered as monotherapy or in combination with background DMARDs (mainly methotrexate) to examine safety and efficacy. In 1 study, patients received atorvastatin as part of the study design (ClinicalTrials.gov identifier: NCT01059864). Concomitant therapy with nonsteroidal antiinflammatory drugs and low-dose oral glucocorticoids was permitted in the phase II and phase III studies provided they were stably dosed. In the LTE studies, dose adjustment of concomitant therapies was permitted at the investigator's discretion. Concomitant therapy with biologic DMARDs was prohibited in all studies.
Patients participating in the studies were ≥18 years old with active RA at screening and baseline visits. Exclusion criteria were similar across all studies. Patients were excluded if they had a history of, or existing, lymphoproliferative disorder or other malignancy (except for adequately treated or excised nonmetastatic basal cell or squamous cell cancer of the skin or cervical carcinoma in situ). Patients who developed a malignancy were discontinued from the study but were included in standard followup assessments (i.e., until resolution of event or stability). Patients who developed NMSC were permitted to continue treatment provided it was adequately treated or excised nonmetastatic basal cell or squamous cell cancer of the skin or cervical carcinoma in situ.
At baseline, the majority of patients in the index studies were inadequate responders to DMARDs (DMARD-IR), but some studies also included patients who were methotrexate-naive (770 patients randomized to tofacitinib in ORAL Start) (16) or inadequate responders to biologic DMARDs (biologic DMARD-IR; 267 patients randomized to tofacitinib in ORAL Step) (15) . Patients who participated in qualifying index studies were eligible to enter 1 of the 2 open-label LTE studies (the global LTE study ORAL Sequel or the Japanese LTE study NCT00661661) (21, 22) .
Lymphoma cases. Lymphoma events occurring in the tofacitinib RA clinical study population up to March 2015 were identified by review of investigator-reported adverse events (AEs) and output from the central and local histopathology reports. When samples were provided (slides and/ or tissue blocks), they were submitted for central histopathology and read by ≥2 board-certified pathologists as part of the adjudication process. Any discordance between local and central pathology reading was resolved in a malignancy adjudication process in which all available data were reviewed and the event was classified using International Classification of Diseases for Oncology (ICD-O), version 3, coding. In some cases, samples could not be obtained for reading, and these cases were adjudicated on the basis of information supplied, e.g., local histopathology reports and clinical course, etc. Where documented, the association of lymphoma with EBV was reported and was defined by appropriate testing (i.e., immunohistochemistry or in situ hybridization) performed on an appropriate sample.
Significance & Innovations
• We characterized incidences of lymphoma occurring in the tofacitinib RA clinical development program, which represents 19,406 patient-years of tofacitinib exposure and a median treatment duration of 3.4 years.
• Incidence rates (IRs), standardized incidence ratios (SIRs), and clinical characteristics for the 19 lymphoma events occurring in the development program were typical for this patient population. The IRs and SIRs did not increase with time of exposure and were similar to those observed in RA populations treated with biologic disease-modifying antirheumatic drugs.
• Appropriate Epstein-Barr virus (EBV) testing was performed in 13 of 19 cases. Three lymphomas were positive for EBV association (1 Hodgkin's lymphoma and 2 B cell lymphomas). In 2 cases, the results of EBV testing were equivocal, and 8 cases were negative.
• There were minimal differences between the patient profiles of patients with and without lymphoma in the tofacitinib RA clinical development program.
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The incidence rate (IR; number of unique patients with events per 100 patient-years of observation) for lymphoma events was based on the number of patients with an event and the total exposure time, censored at the time of event, death, or discontinuation from the study. Some lymphoma events may have occurred following treatment cessation; all of these events were counted in the numerator of IR calculations regardless of when the events occurred, and patients' total treatment exposure was included in the denominator. The 95% confidence intervals (95% CIs) for IRs were based on exact methods for Poisson distribution adjusted for exposure time. For analysis of IRs by 6-month intervals, the final 6-month interval was extended such that there were ≥1,000 patient-years of exposure to allow sufficient patient-years for meaningful interpretation. Age-and sex-standardized incidence ratios (SIRs) and 95% CIs were calculated based on the ratio of observed lymphomas in the tofacitinib-treated population relative to the expected rate in the general population (SEER database, covering the US general population from 1975-2013) (25) . Incidence rates of lymphoma in the tofacitinib clinical program by 6-month time intervals. Exposure and incidence rates are shown for each discrete 6-month time period. a = The final reporting period (>54 months) was expanded such that there were at least 1,000 patient-years of exposure for this period. The final interval included patients with >54 to 96 months of exposure. Since this analysis was performed, a further data cut including exposure up to 105 months has become available. During this time, no additional lymphoma events have occurred. 95% CI = 95% confidence interval. (35) , and golimumab (36) are standardized against the Surveillance, Epidemiology, and End Results (SEER) program database (25) . For golimumab, combined data for 50-mg and 100-mg dose groups are shown. Data for tofacitinib are adjusted for age and sex. The broken horizontal line represents standardized incidence ratio = 1.0, i.e., no difference in lymphoma rate versus the US general population. 95% CI = 95% confidence interval; FDA = Food and Drug Administration.
In order to identify whether there were any specific risk factors for lymphoma in this patient population, a descriptive analysis using a nested case-control design was performed. For each lymphoma case, patients without malignancy (controls) were identified from the same analysis population, individually matched for age (at time of lymphoma event) and sex (case to control ratio 1:4). Comparison of patient characteristics between lymphoma cases and controls was based on descriptive statistics; no formal significance testing was conducted.
RESULTS
IRs and SIRs of lymphomas. Overall, this analysis included 6,194 patients treated with tofacitinib, representing a total of 19,406 patient-years of tofacitinib exposure. Of these patients, 2,239 received an average tofacitinib dose of 5 mg BID (6,870 patient-years of exposure) and 3,955 received an average dose of 10 mg BID (12,534 patient-years of exposure). The overall IR (number of patients with events per 100 patient-years) for lymphoma during this period was 0.10 (95% CI 0.06-0.15). Tofacitinib exposure and IRs of lymphoma during discrete 6-month periods are shown in Figure 1 . The IR remained generally stable over time. The overall SIR for lymphoma was 2.62 (95% CI 1.58-4.09), adjusted for age and sex ( Figure 2 ). Since this analysis was performed, a further data cut including exposure up to 105 months has become available. During this time, no additional lymphoma events have occurred.
Observed lymphoma events. Overall, 19 lymphoma events occurred during the tofacitinib RA clinical development program. The clinical features and characteristics for each of these events are summarized in Table 1 . There were 2 cases of Hodgkin's lymphoma and 17 cases of nonHodgkin's lymphoma. Of the 17 non-Hodgkin's lymphomas, there were 14 B cell lymphomas, 2 T cell lymphomas, and 1 case in which the cell type was unknown. Appropriate EBV testing was performed in 13 of 19 cases. Three lymphomas were positive for EBV association (1 Hodgkin's lymphoma and 2 B cell lymphomas); in 2 cases, results of EBV testing were equivocal, and 8 cases were negative. Three patients reported a history of Sj€ ogren's syndrome.
In 16 cases, tofacitinib was permanently discontinued due to lymphoma events, as required by protocol. One patient had discontinued tofacitinib due to a prior serious AE (SAE) of pneumonia before the onset of lymphoma. One patient who died had not discontinued tofacitinib at the time of death. In 11 cases, patients recovered or were recovering following discontinuation of tofacitinib and/or medical management of lymphoma, including chemotherapy treatment. This includes 1 patient who recovered having declined chemotherapy and 1 patient who recovered following tonsillectomy without discontinuing tofacitinib, as the event was not initially reported as an SAE. In 6 cases, patients had not recovered from lymphoma events at the time of analysis (4 of whom received treatment for lymphoma). Two patients did not receive chemotherapy, and their lymphoma was stable but without any recovery. Two patients died (neither received treatment for lymphoma). The majority of patients (16 of 19) had received concomitant treatment with methotrexate (1 patient had only received 1 dose), and most patients (13 of 19) had received concomitant therapy with glucocorticoids; 2 patients had received neither methotrexate nor glucocorticoids.
The tofacitinib dosing history for each patient with lymphoma and the time of lymphoma onset, which was based on the date assigned by the reporting investigator rather than the date malignancy was confirmed by biopsy, is shown in Figure 3 . Time to onset of events ranged from 149-1,722 days following treatment initiation, and no particular pattern was observed in the onset of lymphoma with respect to time since tofacitinib treatment began. Six lymphoma events occurred in patients who had received tofacitinib dosed predominantly at 5 mg BID. Of these patients, 2 had previously received placebo and 1 had previously received tofacitinib 3 mg BID. Thirteen lymphomas occurred in patients who had received tofacitinib dosed predominantly at 10 mg BID; of these, 4 patients had received tofacitinib 5 mg BID previously, and 2 were receiving tofacitinib 5 mg BID at the time of lymphoma onset. Table 1 . Periods during which patients stopped tofacitinib treatment are included within the prior dose. The longest no-dose period was 16 days. BID = twice daily. ‡ Definitions of EBV attribution are as follows. Positive: clear that appropriate tests (i.e., immunohistochemistry or in situ hybridization) were performed on an appropriate sample and were positive; negative: clear that appropriate tests (i.e., immunohistochemistry or in situ hybridization) were performed on an appropriate sample and were negative; equivocal: immunohistochemistry staining was done for pathology assessment but could not be interpreted with confidence; NA: lymphoma cases where EBV testing was not performed on an appropriate sample (EBV status is therefore unknown). § Total number of days of administration. ¶ Based on information provided by the investigator. # This patient had a rare phenotype of T-cell chronic lymphocytic leukemia.
Lymphoma case-control analysis. The demographics and baseline disease characteristics of the patients with lymphoma and matched control patients are shown in Table 2 . The baseline disease characteristics were generally similar between the lymphoma case and control groups, including disease duration, daily tofacitinib dose, duration of tofacitinib exposure, and disease severity, as measured by Health Assessment Questionnaire disability index and the 4-variable Disease Activity Score in 28 joints using the erythrocyte sedimentation rate scores. Compared with the control group, the lymphoma case group had numerically greater proportions of patients with anti-cyclic citrullinated protein (anti-CCP; 10 The mean weekly dose of methotrexate was similar between the 2 groups, and the mean daily corticosteroid dose was numerically higher in the lymphoma case group than in the control group. Compared with the control group, a numerically greater proportion of patients in the lymphoma case group had used 2 DMARDs; numerically greater proportions of controls had used 0 DMARDs, 1 DMARD, and >2 DMARDs than in the lymphoma case group. The proportion of patients with prior biologic DMARD use was the same in the 2 groups.
DISCUSSION
In this analysis of lymphoma events occurring during the tofacitinib RA clinical development program, IRs for lymphoma were stable over time, which was consistent with the findings of an integrated analysis of all malignancies occurring in the tofacitinib RA program (24) . The IR for lymphoma in the tofacitinib RA program was similar to rates observed in long-term clinical studies of patients with RA treated with the biologic DMARDs adalimumab (32), certolizumab pegol (33), infliximab (34), abatacept (35) , and golimumab (36) , where IRs ranged from 0.05-0.16 patients with events per 100 patient-years. The SIR of lymphoma calculated for tofacitinib based on comparison against the US SEER database was within range of SIRs observed in these clinical studies of biologic therapies (SIRs ranged from 1.81-6.40; see Figure 2 ) (32-37), although comparison should be made with caution, owing to variability in the study designs and patient populations analyzed in these studies. SIRs for lymphoma were also consistent with rates observed in meta-analyses and observational studies of biologic DMARDs for the treatment of RA, where SIRs for lymphoma ranged from 1.7-5.99 (5, 38) .
The histologic subtype of the observed lymphoma events in the present analysis was generally consistent with that expected in patients with RA; lymphomas were predominantly B cell in origin and observed in typically affected sites (1) . Two of the B cell lymphomas in this analysis were EBV positive. For context, the rate of EBV association reported in the literature for B cell lymphomas is 4-16% in patients with RA treated with methotrexate (3,39) . This analysis identified only a relatively small number of lymphoma cases, and EBV attribution relied on different techniques conducted in a variety of laboratories; appropriate samples for centralized testing were frequently not available, and local testing was inconsistently performed and not centrally reviewed. Additional influences on EBV association with lymphoma include geographic location (40) , affected cell type (41) , and affected anatomic location (42) , and these factors should also be considered when interpreting the observed rate of EBV-associated lymphoma. There were 5 lymphoma events that occurred in the tofacitinib renal transplant program (43, 44) ; 4 occurred in patients positive for EBV; however, these patients received an initial higher dose of tofacitinib and multiple concomitant immunosuppressive therapies in addition to tofacitinib. In addition, it is recognized that approximately 70% of post-transplant lymphoproliferative disorders are positive for EBV (45) .
The case-control analysis performed in this study found that more lymphoma cases than controls were positive for RF and anti-CCP biomarkers at baseline. Furthermore, there were more lymphoma cases with a history of Sj€ ogren's syndrome than in the control group; however, there may be bias in the collection of Sj€ ogren' syndrome history from patients reporting lymphoma. Although there were also minimal differences in the profile of prior RA treatments between cases and controls, it is not known if high levels and duration of inflammatory activity rather than RA therapy was a major determinant of lymphoma risk, given that prior to entry into the tofacitinib clinical trials, the level of disease management for each patient was not known; this could be a critical factor in determining lymphoma risk (2) . Thus, it remains difficult to differentiate the contributory effects of therapy and of the underlying disease etiology to lymphoma risk using RA clinical trials data, as patients in clinical trials are normally receiving, or have previously received, some kind of immunomodulatory therapy for RA.
A limitation of this analysis was that previous history of malignancy, including lymphoma, or related lymphoproliferative disorders, was an exclusion criterion of the clinical trials from which the patient population in this analysis was pooled. Patients who developed lymphoma during the course of the trials were to discontinue, limiting our ability to assess the risk of secondary or recurrent lymphomas with continued tofacitinib treatment. Second, with a relatively small number of lymphoma events identified in the tofacitinib RA population, no further risk factor analyses could be conducted, given the limited sample size. Accordingly, conclusions are based on comparisons of descriptive statistics only, and it was not possible to conduct formal significance testing in the case-control analysis, nor to conduct analysis of different lymphoma subtypes or other clinical characteristics of lymphoma events. An additional consequence of the relatively small number of lymphoma events was that for the analysis of IRs during discrete 6-month periods, exposure during each period was also relatively low and could significantly fluctuate with even 1 event within a time interval. While this analysis included studies with placebo treatment groups, exposure in the placebo groups was not sufficient to evaluate rates of long latency events including lymphoma. Accordingly, analyses of open-label extension study data are important to perform. Although disease activity and inflammatory load were assessed at baseline in all of the studies pooled in this analysis, detailed information regarding level of inflammation and level of disease management control over a prolonged period of time preceding patients' entry into the studies was not collected. This information may be important given the association of lymphoma risk with high inflammatory activity (2), but it remains challenging to understand these risks within clinical trials populations, as there are very few surrogate baseline characteristics to understand poor and/or prolonged history of uncontrolled inflammatory disease. In addition, radiographic assessment of RA-related erosions was only performed in 2 of the studies included in this analysis; thus, full lymphoma risk with radiographic disease status could not be properly assessed.
A limitation of the SIR analysis performed was that SIRs of lymphoma in this global patient population were calculated based on comparison with the SEER database, which is based on data from the US general population. Due to the recognized limitations of making comparisons with the global population (GLOBOCAN) database (i.e., potential bias introduced by underreporting and failure of diagnosis, particularly in less developed countries) (46), a SIR calculation comparison with the GLOBOCAN database was not performed. It is also acknowledged that the crossstudy comparison of SIRs of lymphoma with tofacitinib and with biologic DMARDs used to treat RA should be interpreted cautiously due to the limitations in comparing rates across different patient populations, study designs, and extents of exposure. A limitation of the case-control analysis was that the controls were matched based on age and sex, and it is known that matching may introduce bias by causing the baseline characteristics of the 2 groups to be more similar than they otherwise would be (47) . However, these 2 matching criteria are mandatory when studying an outcome such as lymphoma, where the incidence is heavily dependent on age and sex.
Last, in some cases, information specific to each lymphoma event was obtained retrospectively, through supplementary inquiries to the investigator; therefore, some data may be missing and/or tests on samples may not have been consistently conducted. In conclusion, IRs and types of lymphoma observed during the tofacitinib RA clinical development program (with upward of 8 years of exposure) were consistent with expectations in the RA patient population as a whole and did not increase with exposure time. Although efforts were made to ascertain the EBV status of the lymphomas reported, the data do not allow a clear assessment to be made. Continued evaluation of studies of patients with autoimmune diseases, including randomized clinical trials and population-based observational research, will be important to evaluate the relative contributions of immunosuppressive therapies and underlying disease pathogenesis to lymphoma risk. * Values are the mean AE SD unless otherwise indicated. RA = rheumatoid arthritis; HAQ DI = Health Assessment Questionnaire disability index; DAS28-ESR = Disease Activity Score in 28 joints using the erythrocyte sedimentation rate; CCP = cyclic citrullinated peptide; RF = rheumatoid factor; DMARDs = disease-modifying antirheumatic drugs. † For patients with lymphoma, history of Sj€ ogren's syndrome was specifically queried at the time of lymphoma event. Collection of Sj€ ogren's syndrome history was not systematically performed for patients in the matched control group.
